In the compilation of the conventional terrestrial reference frame with modern space geodetic techniques, one of the important issues is to select those on-plate sites. Considering that whether the motion of a site can be modeled or not by plate rigid motion is not necessarily dependant on the distance from the site to the plate boundary or deforming zones, we propose a statistical selection of on-plate sites. By applying this selection method on a VLBI global solution, the followings are shown. (1) The statistically selected on-plate sites are more than and in consistency globally with the VLBI primary sites of the International Terrestrial Reference Frame 2000 (ITRF2000). (2) The statistical selection emphasizes the consistency between the site motion and the plate rigid motion but ignores the distance from the site to the plate boundaries or deforming zones. (3) Some of the statistically selected on-plate sites are not primaries in ITRF2000. However, by including these sites the estimations of plate rigid motion are not changed significantly. Instead, the precision of estimated parameters is increased due to the improvement in the site geometric distribution. (4) Details of our analysis show that RICHMOND can be taken as a on-plate site, but it is not in the list of those most firmly on-plate. This site is usually used as one of the velocity constraint sites in VLBI global analysis. We recommend using ALGOPARK, FD-VLBA or NRAO 140 as substitutes.
Introduction
For an ideal terrestrial reference frame, its motion relative to the inertial reference frame represents the motion of the Earth as a whole, while the motion of the Earth relative to this terrestrial frame is only local motion rather than any net translation or net rotation. Such an ideal terrestrial reference frame is usually defined by the Tisserand condition (Boucher, 1989) :
where r and v is respectively the position and the velocity of a mass point dm of the Earth, and the domain of integration is the whole Earth. Due to the inaccessibility of the motion of the Earth's interior, the domain of integration is conventionally simplified to be the Crust.
If there are evenly and densely distributed sites on the Crust with precise determinations of positions and velocities, a terrestrial frame without net translation and rotation relative to the Crust can be defined by satisfying the discrete Tisserand condition: means, then by applying the constraint of no net translation and rotation, an absolute plate motion model can be deduced to realize a conventional terrestrial reference frame, which is "fixed" to the Crust.
By using the earthquake slip vectors and magnetic anomalies averaged over about 3 Myr, the relative motion parameters among plates are determined (DeMets et al., 1994) . However this determination may differ slightly (and sometimes significantly) from the modern space geodetic measurements (MacMillan and Ma, 1999; Kogan et al., 2000) . If only the modern space geodetic measurements are used, because of the existence of local deformations and the uneven and sparse distribution of sites, neither the relative motion parameters of all the plates nor the ideal terrestrial reference frame satisfying the discrete Tisserand condition can be obtained. Accordingly, it is conventional to realize the terrestrial reference frame by combining the modern space geodetic measurements and the plate motion model from paleo-geophysical data. In the realization of the latest version of the International Terrestrial Reference Frame (ITRF2000) (cf. http://lareg.ensg.ign.fr/ ITRF/ITRF2000-PA/datum.html), for instance, the coordinates of a set of selected sites (primaries) at a specified epoch are used to define the orientation of ITRF2000, while the orientation evolution is defined by applying no net rotation to the velocities of primaries relative to NNRNuvel1a (DeMets et al., 1994) . Therefore, the selected sites are important because they are primaries to define the orientation and to maintain the time evolution of the conventional terrestrial reference frame.
Due to the importance of primaries in the conventional terrestrial frame, they should be of some basic charac-teristics. For instance, (1) their positions and velocities are precisely determined with modern space geodetic techniques; (2) their motions are in good consistency with the plate rigid motion and (3) they should be distributed with reasonable geometry and density. Heki (1996) selected permanent VLBI stations located in areas more than 500 km from the nearest plate boundary to define the kinematical reference frame. In ITRF2000, the criteria for selection of primaries are (1) continuously observed during at least 3 years; (2) located far away from plate boundaries and deforming zones; (3) velocity accuracy (as result of ITRF2000) better than 3 mm/y and (4) velocity residuals less than 3 mm/y for at least 3 different solutions (cf. http://lareg.ensg.ign.fr/ITRF/ ITRF2000-PA/datum.html). However, considering that whether the motion of a site can be modeled or not by plate rigid motion is not necessarily dependant on the distance from the site to the plate boundary or deforming zones, and that, since the number of sites of modern space techniques are limited, all the sites with motions consistent with the plate rigid motion are essential to the determination of contemporary plate motion and to the realization of the terrestrial reference frame, hereby we propose a statistical selection of the on-plate sites.
A Statistical Selection of On-Plate Sites
Let v ji be the space geodetic measurement of the velocity of the ith station on the jth plate and be expressed as, 
where r ji represents the geocentric position of the ith station; T j represents the translation rate,
the superscript T represents the transverse of matrix; in the first order approximation,
where R x , R y and R z are the rates of small angular rotations around the corresponding coordinate axes, D is the rate of the scale factor. Finally Eq. (3) can be expressed as
where v m ji can be the prediction of the plate motion model or the a priori value of the station motion corresponding to the plate rigid motion. Hereafter we will refer it simply as the prediction of plate motion model. In the geocentric form Eq. (7) 
In Eq. (7) (i = 1, . . . , n; n is the number of stations on the jth plate) as a random series and calculate σ , the variance of this series. We kick out those stations with absolute values of v l ji larger than f σ ( f is a scaling factor and will be discussed in the following paragraph). We re-estimate the parameters T j and Q j by using only those kept stations. Statistically speaking, because those stations within large deforming zones (with high possibility) are not included, the new estimation will be more close to the systematic difference between the observations and the model predictions in comparison with the first time estimation. We repeat the above estimating and kicking-out calculation until the point at which though there are stations being statistically kicked out, the estimation to systematic parameters and the variance of post-fit residuals are not changed significantly before and after the kicking-out operation. The motions of the finally kept stations should be in good consistency with the rigid motion of the plate. The statistically selected stations can be taken as candidates of on-plate sites.
In order to choose an appropriate value for f , let us classify all the stations on the jth plate into two groups. In Group 1 suppose only on-plate stations are included, the corresponding variance of the post-fit residual series and the sum of weightings are σ 1 and P 1 respectively. In Group 2 only stations within deforming zones are included, the corresponding quantities are σ 2 and P 2 . Then the variance (σ ) of the post-fit residual series for all the stations on the jth plate can be expressed as
If the systematic parameters in Eq. (7) are properly estimated, then σ 1 will be mainly corresponding to the observation noises, while σ 2 will be the combination of noises 
In other words, the variance of the post-fit residual series of all the stations is larger than that of the on-plate stations and is less than that of stations within deforming zones. So we can statistically select those on-plate sites by taking 1σ as the criterion, i.e., f = 1.
A Statistical Selection of On-Plate Sites Based on a VLBI Global Solution
VLBI is the space geodetic technique to provide the whole set of Earth Orientation Parameters (polar motion, length of day and celestial pole offsets). The radio celestial reference frame realized by VLBI is so far the nearest quasi-inertial reference frame. Due to the outstandingly high stability and precision in the observation of very long baseline, VLBI has been one of the principal techniques to realize the conventional terrestrial reference frame. The astrometric and geodetic VLBI has presently accumulated about 20 years of observations. The observations between August 1979 and December 1998 were analyzed by the geodetic VLBI group of Shanghai Astronomical Observatory (Li and Wang, 2000) . The resultant global solution of the terrestrial reference frame (hereafter referred as SHATRF) was adopted as one of the three VLBI solutions of ITRF2000 (cf. http://lareg.ensg.ign.fr/ITRF/ ITRF2000/submissions.html).
In SHATRF there are 127 stations with geocentric coordinates and velocities. Some of the stations are mobile ones or with insufficient data. Their velocities are tied to the nearby permanent stations or the prediction of NNR-Nuvel1a in the VLBI global analysis. Obviously, these stations cannot be taken as on-plate sites and so they are excluded from the following analysis.
The Euler motion of a plate is modeled as the motion of plate on a sphere surface, which is corresponding to the horizontal motion of a site on the Crust. Accordingly, in the selection of on-plate sites by using Eq. (7) with a weighted least squares adjustment, the up component of station motion is not considered. The a priori value of the station motion in accordance with the plate rigid motion (i.e., the value of v m ji ) is taken as the prediction of NNR-Nuvel1a. The calculations are weighted based on formal uncertainties of observations. Residuals are tested by the χ 2 -test (A small additive variance is applied to compute the "true" standard errors and therefore to bring the reduced χ 2 close to unity). Stations with absolute values of residuals larger than σ (the variance of the residual series) are kicked out and the systematic parameters are estimated again by using only data of kept stations. The calculation is continued until the point where the variance of the residual series and the estimations of parameters are not changed significantly before and after one circle of calculation.
North America plate
SHATRF provides coordinates of 67 VLBI measuring points on the North America plate (NOAM). Among these points 44 are precisely determined with velocities. Table 1 shows the estimating and kicking-out process. In Circle 1, σ is 3.35 (mm/yr) and 21 points are kicked out. In Circle 2, σ is dramatically decreased to 1.12 and six points are kicked out. In Circle 3, σ is further decreased but only one point is kicked out. Till Circle 4 and 5, though there exist points being statistically kicked out, the value of σ and the estimation to parameters are not changed significantly. Table 2 shows the 14 points kept in Circle 5, the two points (NL-VLBA and FLAGSTAF) kicked out in Circle 4 and the point (RICHMOND) kicked out in Circle 3. About the 14 kept points in Circle 5, the absolute values of residuals for all the three components of velocity are less than 1.0 mm/yr. The velocities of most of the points are precisely determined with YUMA relatively weak. Our tests show that whether YUMA is included or not the estimations of systematic parameters are not changed significantly, which means that the motion of YUMA is in good consistency with the plate rigid motion of NOAM. This consistency may be changed as the possible accumulation of observations and a precise determination of the velocity, which requires further tests in the future. Concerning the two points being kicked out in Circle 4, the velocity of FLAGSTAF is not very precise, but the motion is in good consistency with the plate rigid motion, which is similar to the case of YUMA as mentioned above. NL-VLBA is a primary site of ITRF2000; its motion is precisely determined. The two points are kicked out because of a relatively large absolute value of residual in the zcomponent of motion. However, as shown in Table 1 , the estimations of parameters are almost the same in Circle 3 and 4, it is reasonable to take the two points as on-plate.
The case for RICHMOND is unanticipated. Its motion is very precisely determined. In VLBI global analysis RICH-MOND is usually used as a station for the terrestrial frame evolution constraint along with WESTFORD on NOAM. However, RICHMOND is kicked out in Circle 3, which leads to a decrease in σ by more than 10%. As shown in Table 1 , the corresponding estimations of parameters in the first two circles are different tremendously and in the last two circles are only slightly. Circle 3 is in the middle of the calculation and the estimations of parameters are close to those in Circle 4. Accordingly, it is reasonable to take RICHMOND as on-plate. However, the difference between its motion and the statistically determined plate rigid motion is small and detectable. As shown in Table 2 , RICH-MOND is kicked out because of a large absolute value of residual in the x-component. It is worthwhile to notice that the motions of ALGOPARK, FD-VLBA and NRAO 140 are as precisely determined by VLBI as RICHMOND but with rather small residuals. It is recommended to take ALGO-PARK, FD-VLBA or NRAO 140 as one of the evolution constraint stations in VLBI global analysis instead of RICH-MOND. Figure 1 shows the geometric distribution of the statistically selected on-plate stations (filled circles) and kicked out stations (hollow circles) on NOAM. The VLBI primaries (hollow squares) in ITRF2000 are also shown for comparison. The magnitude and direction of the horizontal residuals are indicated by the length and direction of the short lines. The scale is shown at the lower left corner of the figure. From this figure it is clear that 12 among the 17 statistically selected stations are the primaries or very near geometrically to the primaries in ITRF2000. The rest five stations are LA-VLBA, PIETOWN, FLAGSTAF, KP-VLBA and YUMA, which are in the west of FD-VLBA. The velocity precision of FLAGSTAF and YUMA is lower than 3 mm/yr in SHA-TRF and so the two stations are not primaries of ITRF2000. The other three stations are of high velocity precision but are very near to the boundary of NOAM and so are not primaries of ITRF2000 either. However, whether the five stations are included or not, the estimations to parameters are not changed significantly and so they are taken as on-plate in the statistical selection.
Eurasia plate
On the Eurasia plate (EURA), there are 31 VLBI stations, among which 12 are with sufficient observations to determine the velocity. Due to the small number of stations the estimation of parameters are not so stable as for NOAM. The estimating and kicking-out calculation for EURA is shown in Table 3 , from which it is clear that though there are stations (YEBES and EFLSBERG) being statistically kicked out in Circles 3 and 4, the variance of residual series and the estimations of parameters are not changed significantly. shown that YEBES and EFLSBREG are relatively large in the absolute value of the z-and y-component residual respectively. The velocity of all the six stations in Table 4 is very precisely determined with YEBES relatively weak.
The distribution of VLBI stations on EURA and the horizontal velocity residuals are shown in Fig. 2 , in which the symbols mean the same as in Fig. 1 . From Fig. 2 it is clear that the statistically selected sites are in good consistency with the VLBI primaries of ITRF2000.
Pacific plate
About the Pacific plate (PCFC), among the 16 VLBI stations 13 are determined with velocities. The statistical selection process is shown in Table 5 . There are three circles of calculation and the number of kicked-out stations in Circle 2 is −1. In the calculation, the stations used to estimate the parameters of Circle i are those kept in Circle i − 1. After the new estimation in Circle i the variance (σ ) of residual series is calculated. Then all the residuals (including those re-evaluated ones with the newly estimated parameters for the previously kicked-out stations) will be compared with σ . If the absolute value of residual of a previously kickedout station is now less than σ , then this station will become a kept one and will be used to estimate parameters in the next circle. As PCFC is concerned, FORT ORD is kicked out in Circle 1, but it becomes a kept station in Circle 2, therefore the number of kicked-out stations is minus one. As shown in Table 5 , in the last two circles the estimations to parameters are almost the same. In addition, because of the increase in stations the error budget of parameters and the variance of residuals are decreased from Circle 2 to Circle 3. Fig. 3 . The VLBI stations on PCFC (Symbols mean the same as in Fig. 1 ).
The statistically selected stations are shown in Table 6 and the geometric distribution of these stations is shown in Fig. 3 . The symbols mean the same as in Fig. 1 . As shown in Fig. 3 , VNDNBERG and FORT ORD are not VLBI primaries in ITRF2000 but are statistically selected as on-plate. By referring to the web page of Goddard Space Flight Center (GSFC VLBI Group, 1999) it is shown that the difference between the VLBI measurement of the motion of these two stations and the prediction of the plate motion model is similar to that of KOKEE and MK VLBA in direction and magnitude, which testifies to the feasibility of the statistical selection method.
The rest plates or blocks
To estimate the seven systematic parameters in Eq. (7) by a general purpose least squares adjustment requires at least three observation points (corresponding to nine equations). On all the plates or blocks except NOAM, EURA and PCFC, the number of VLBI observation points is rather small. For instance, on Africa, Philippine, Australia, South America, Antarctica and Caribbean (AFRC, PHIL, AUST, SOAM, ANTA and CARB), the number of points is respectively 2, 2, 4, 3, 1 and 1, and the points with sufficient observations to determine the velocity are correspondingly 2, 0, 3, 2, 1 and 1. As far AUST is concerned, Eq. (7) can be directly applied to estimate the parameters, but the estimating and kickingout re-processing calculation cannot be applied. Therefore the statistical selection cannot be directly used but requires some special consideration. By applying Eq. (7) to AUST, some quantities of the three stations are listed in Table 7 , which shows that the motion of PARKES is determined with the lowest precision and the corresponding absolute values of residuals are the largest among the three stations. If the variance is still checked with such a small sample, it is 0.07. According to the 1σ criterion PARKES should be kicked out. DSS45 and HOBART26 are primaries in ITRF2000, which is in consistency with the discussions here.
A global selection
For a global selection of on-plate sites, if the prediction of a plate motion model is directly used as the a priori value and applied Eq. (7) to all the observation points, then if the for NOAM, EURA, PCFC and AUST. After the systematic unification of velocities the result of the global selection is shown in Fig. 4 with symbols same as in Fig. 1 . Table 8 shows the names of the 31 statistically selected on-plate stations.
There are six circles in the global selection. From Circle 1 to Circle 6 the variance is respectively 4.09, 2.06, 1.30, 1.04, 0.94 and 0.95, the number of kicked-out stations is 33, 8, 6, 1, 1 and 0. The kicked-out station in Circle 4 is RICH-MOND and in Circle 5 is GORF7102. Because the value of variance is not changed obviously from Circle 4 to 6, the two stations are also shown in Table 8 as on-plate. As mentioned above, RICHMOND can be taken as on-plate but is not very firmly "fixed" on-plate in the statistical meaning. Since the insufficient observation points on AFRC, SOAM, ANTA, CARB and PHIL, the systematic parameters cannot be individually estimated by Eq. (7) and so we cannot make any systematic unification of related velocities before the global selection. Only FORTLEZA on South America is selected as on-plate and it is also a primary in ITRF2000. It is selected because the difference between the VLBI measurement and the model prediction of its motion is very small.
Discussion
Based on the analysis of the site motions determined by modern space geodetic techniques, we proposed a statistical selection of on-plate sites for the compilation of the conventional terrestrial reference frame. By applying this statistical method on a VLBI global solution, the selected onplate sites are more than and in consistency globally with the VLBI primaries of the ITRF2000. The statistical selection plays emphasis on the consistency between the motion of sites and the rigid motion of plates, rather than being limited to the distance from the site to the plate boundaries or deforming zones.
Some of the statistically selected on-plate sites, for instance, YUMA and FLAGSTAF on NOAM, FORT ORD and VNDNBERG on PCFC, are not primaries in ITRF2000. However, by including these sites the estimations of plate rigid motion are not changed significantly. Instead, the precision of parameters is increased due to the improvement in site geometric distribution, so these sites are recommended to be in the list of candidates for on-plate.
The details of our analysis show that RICHMOND can be taken as on-plate, but it is not in the list of those most firmly on-plate in a statistical meaning. It is usually used as one of the sites for the evolution of terrestrial reference frame in VLBI global analysis. We recommend using ALGOPARK, FD-VLBA or NRAO 140 as substitutes.
The statistically selected on-plate sites can be taken as a general selection, which as shown above is feasible. The geophysical information should be of course taken into consideration in the final check.
